Abstract. Ice nucleation in clouds is often observed at temperatures > 235 K, pointing to heterogeneous freezing as a predominant mechanism. Many models deterministically predict the number concentration of ice particles as a function of temperature and/or supersaturation. Several laboratory experiments, at constant temperature and/or supersaturation, report heterogeneous freezing as a stochastic, timedependent process that follows classical nucleation theory; this might appear to contradict deterministic models that predict singular freezing behavior.
Abstract. Ice nucleation in clouds is often observed at temperatures > 235 K, pointing to heterogeneous freezing as a predominant mechanism. Many models deterministically predict the number concentration of ice particles as a function of temperature and/or supersaturation. Several laboratory experiments, at constant temperature and/or supersaturation, report heterogeneous freezing as a stochastic, timedependent process that follows classical nucleation theory; this might appear to contradict deterministic models that predict singular freezing behavior.
We explore the extent to which the choice of nucleation scheme (deterministic/stochastic, single/multiple contact angles θ) affects the prediction of the fraction of frozen ice nuclei (IN) and cloud evolution for a predetermined maximum IN concentration. A box model with constant temperature and supersaturation is used to mimic published laboratory experiments of immersion freezing of monodisperse (800 nm) kaolinite particles (∼ 243 K), and the fitness of different nucleation schemes. Sensitivity studies show that agreement of all five schemes is restricted to the narrow parameter range (time, temperature, IN diameter) in the original laboratory studies, and that model results diverge for a wider range of conditions.
The schemes are implemented in an adiabatic parcel model that includes feedbacks of the formation and growth of drops and ice particles on supersaturation during ascent. Model results for the monodisperse IN population (800 nm) show that these feedbacks limit ice nucleation events, often leading to smaller differences in number concentration of ice particles and ice water content (IWC) between stochastic and deterministic approaches than expected from the box model studies. However, because the different parameterizations of θ distributions and time-dependencies are highly sensitive to IN size, simulations using polydisperse IN result in great differences in predicted ice number concentrations and IWC between the different schemes. The differences in IWC are mostly due to the different temperatures of the onset of freezing in the nucleation schemes that affect the temporal evolution of the ice number concentration. The growth rates of ice particles are not affected by the choice of the nucleation scheme, which leads to very similar particle sizes. Finally, since the choice of nucleation scheme determines the temperature range over which ice nucleation occurs, at habit-prone temperatures (∼ 253 K), there is the potential for variability in the initial inherent growth ratio of ice particles, which can cause amplification or reduction in differences in predicted IWC.
Introduction
The interactions of aerosol particles and clouds represent the largest uncertainty in current estimates of radiative forcing (Solomon et al., 2007) . The uncertainty is particularly acute in mixed-phase clouds, which play an important role in modulating climate. For example, mixed-phase clouds are often observed in the Arctic and significantly influence radiation and energy budgets (e.g., Curry, 1995; Fridlind et al., 2007; Morrison et al., 2012) . Efficient ice formation at temperatures 235 K < T < 273 K suggests the existence of ice nuclei (IN) that heterogeneously nucleate ice. Observations of mixed-phase clouds have shown that ice forms over relatively long time scales and in the presence of a liquid phase prior to ice formation (e.g., Hobbs and Rangno, 1985; Published by Copernicus Publications on behalf of the European Geosciences Union. Crawford et al., 2012) . These observations might imply that ice nucleation occurs by freezing of droplets (immersion freezing) (de Boer et al., 2010; Lance et al., 2011) .
B. Ervens and G. Feingold: On the representation of immersion and condensation freezing
To avoid undue complexity in the representation of poorly constrained freezing processes, models often apply parameterizations that are based on observed relationships between the number concentration of ice particles (N ice ) and T and/or ambient supersaturation with respect to ice (S ice ) (e.g., Fletcher, 1969; Meyers et al., 1992; Cotton and Field, 2002; Morrison et al., 2008; Phillips et al., 2008; Eidhammer et al., 2009; de Boer et al., 2010; DeMott et al., 2010) . Such empirical expressions have been developed based on observed freezing events and reflect the instantaneous conditions of the ice phase in the corresponding temperature and/or S ice range. They imply singular, time-independent freezing on active sites on the surface of IN, at specific temperatures during cloud evolution (Langham and Mason, 1958) . Laboratory experiments are often performed in a way that only the onset of freezing is recorded (e.g., Crawford et al., 2011; Wang and Knopf, 2011; Wheeler and Bertram, 2012) . In such experiments, the number concentration of frozen particles is reported as an integrated number over the investigated temperature and/or supersaturation range (e.g., Vali, 2008; Niedermeier et al., 2010; Niemand et al., 2012) .
Singular freezing behavior is in contradiction to many laboratory measurements that report continuous ice formation during experiments at constant T and/or S ice or as a function of cooling rate (Diehl and Wurzler, 2004; Zobrist et al., 2007; Popovicheva et al., 2008; Kulkarni and Dobbie, 2010; Murray et al., 2010; Niedermeier et al., 2010; Welti et al., 2012) . Parameterizations of the number of frozen particles as a function of cooling rates have been developed in order to describe the freezing behavior of biological material or other solutes immersed in water drops (Bigg, 1953; Vonnegut and Baldwin, 1984; Diehl et al., 2002) . Such experimental results are in agreement with classical nucleation theory (CNT) that describes ice nucleation as a stochastic, time-dependent process (Fukuta and Schaller, 1982; Khvorostyanov and Curry, 2000; Shaw et al., 2005; Curry and Khvorostyanov, 2012) .
Several studies attempt to reconcile these discrepancies between the singular approaches that imply that active sites on IN are unambiguously associated with their freezing conditions and CNT-based stochastic approaches. While the two descriptions of heterogeneous freezing appear to be fundamentally different, stochastic freezing might exhibit no (or very little) time dependence if freezing occurs rapidly (Vali, 1971 (Vali, , 2008 . The interpretation of experimental data has shown that neither of the approaches can fully explain freezing behavior of water droplets or dust particles (Vali and Stansbury, 1966; Gorbunov et al., 2001; Marcolli et al., 2007; Broadley et al., 2012) . A modified singular hypothesis was developed that accounts for a random distribution of active sites which leads to a distribution of the onset of freezing temperatures among droplet samples (Vali and Stansbury, 1966; Vali, 2008) . A recently developed theoretical framework shows how the deterministic and stochastic descriptions converge as the number of randomly distributed nucleation sites increases (Niedermeier et al., 2011) or if the time scales over which freezing occurs are sufficiently short and thus no dependence on freezing rate can be detected (Broadley et al., 2012) . In practice, the two approaches might also not be clearly distinguishable because of the temporal and temperature-dependent aspects of ice formation (stochasticity) (Vali and Stansbury, 1966; Vali, 1994; Field et al., 2011) .
CNT for condensation and immersion freezing includes physicochemical parameters that characterize particle properties that affect water uptake by haze particles, droplet activation prior to freezing, and ice nucleation on insoluble cores within the deliquesced particles or drops (Khvorostyanov and Curry, 2004) . In many studies, an effective contact angle θ has been derived from experimentally-determined nucleation rates J for different IN, assuming that θ is the only unknown parameter in the CNT (e.g., Archuleta et al., 2005; Chen et al., 2008; Wang and Knopf, 2011) . θ is defined as an effective macroscopic quantity that parameterizes the interactions of ice with the IN surface. While the compatibility of the ice crystal with the solid IN surface cannot be directly measured, θ provides a convenient way to describe these interactions. Recent laboratory studies suggest that a single θ for one type of IN of identical bulk composition is inadequate to characterize the freezing behavior of individual particles and/or aerosol populations Welti et al., 2009; Lüönd et al., 2010; Niedermeier et al., 2010; Murray et al., 2011; Broadley et al., 2012; Wheeler and Bertram, 2012) .
Time-dependent freezing processes imply that at a given T not all particles are frozen. Thus, experimental or model studies often distinguish between the number concentration of potential ice nuclei (N IN ) and the concentration of ice crystals at a given time (N ice ) (e.g., Eidhammer et al., 2009; Kulkarni and Dobbie, 2010) . Fits to the observed temperature-dependence of the frozen fraction F fr of the IN number concentration N IN (F fr = N ice /N IN ) in these experiments provide parameters for different θ distributions and deterministic expressions that all reproduce the observed F fr over the range of experimental conditions. A recent model study shows that cloud properties might differ greatly if different parameter sets are applied (Kulkarni et al., 2012) . The authors ascribed these differences to the variation in temperature and supersaturation of the onset of freezing due to the width of the θ distribution.
The goal of this study is to analyze in detail the microphysical processes and their feedbacks on cloud properties (N ice , ice water content (IWC), ice distributions) resulting from different nucleation schemes. We do so by using a variety of nucleation schemes, all of which are able to mimic laboratory nucleation events over a limited period of time. Using a series of models of increasing complexity, we shed light on the similarities and differences in these nucleation schemes for a variety of conditions near the temperature range for which B. Ervens and G. Feingold: On the representation of immersion and condensation freezing 5809 36 1 Figure 1 . Nucleation schemes that have been developed to describe freezing of kaolinite (Lüönd et al., 2010) . Parameters to describe 2 the θ distributions and temperature dependence of F fr are summarized in Table 1. 3 Fig. 1 . Nucleation schemes that have been developed to describe freezing of kaolinite (Lüönd et al., 2010) . Parameters to describe the θ distributions and temperature dependence of F fr are summarized in Table 1. the schemes were derived, and their potential consequences for cloud evolution. We focus on the evolution of the frozen fraction of a predetermined IN concentration, chosen such that that the coexistence of ice and liquid phases is predicted.
Model description

Ice nucleation schemes
A number of stochastic and deterministic nucleation schemes have been put forth to explain observed freezing behavior in the laboratory (Lüönd et al., 2010; Niedermeier et al., 2010 Niedermeier et al., , 2011 Alpert et al., 2011; Niemand et al., 2012) and field (Fletcher, 1969; Meyers et al., 1992; DeMott et al., 2010) . Their differences are explained in the following.
1θ scheme
CNT implies that the surface of particles of identical bulk composition can be characterized by a single θ as the dominant physicochemical property that determines their IN ability (1θ; Fig. 1a ). The nucleation rate J is a function of the IN diameter (D IN ), the activation energy at the solution-ice interface F act , and the critical energy of ice germ formation F cr (Khvorostyanov and Curry, 2004 )
with a parameterized expression for F act (Jeffery and Austin, 1997; Khvorostyanov and Curry, 2005) F act = 0.694 × 10
The formation energy of an ice germ is a function of the cosine of the contact angle (cos (θ) = m)
The germ radius to initiate nucleation is a function of the bulk properties of the aerosol particle and is calculated as Since deliquesced particles are near their equilibrium state, except perhaps for the larger ones, and the equilibrium supersaturation S w,eq above a particles does not differ significantly from the ambient supersaturation S w , it can be assumed that ln S w ∼ ln S w,eq = H c (6) and Eq. (4) can be approximated by
In the presence of water, i.e. if S w ≥ 1, the ambient supersaturation S w deviates substantially from S w,eq and Eq. (7) is not valid. For such situations, the explicit expression in Eq. (4) is used. Thus, the probability P that a particle freezes within a given time t is influenced by θ in the exponential term F cr in Eq. (1) (Fig. 1b ) since observed differences in freezing behavior of equally-sized particles cannot be fully explained by stochastic processes of identical surfaces . The freezing probability of a particle within such a population of N particles is a weighted average of the freezing probabilities of all individual particles
Such an external mixture of particles implies that particles with the smallest θ are the most likely to freeze. Data from immersion and deposition freezing experiments have shown that the probability density function (PDF) of θ over the particle population can be described by lognormal distributions (Lüönd et al., 2010; Kulkarni et al., 2012; Wheeler and Bertram, 2012) .
Internally-mixed soccer ball scheme (soccer (int))
While both the 1θ and the θPDF scheme describe the surface of each particle with a single θ, images of IN show surfaces that are not smooth and uniform but exhibit numerous possible nucleating sites (cracks, imperfections, crystal structure, etc.; e.g., Kumai, 1951; Bryant et al., 1959; Fukuta, 1966; Kulkarni and Dobbie, 2010) . This diversity suggests that each IN might exhibit numerous nucleation sites which comprise a distribution of contact angles. Niedermeier et al. (2011) introduced the term "soccer balls" for particles with multiple nucleation sites, to reflect the patches that make up the surface of a soccer ball. The simplest soccer ball scheme assumes that all particles within a population have the same distribution of contact angles throughout their surfaces; thus, particles are identical and appear to be internally mixed ("int") with respect to the surface characteristics that determine ice nucleation (Fig. 1c) . The overall freezing probability of a particle with n nucleation sites is the product of the individual freezing probabilities of each nucleation site j , weighted by the fraction S j a single nucleation site covers on the total particle surface
As J depends exponentially on F cr , which includes θ in the geometric factor f (m, x) (Eq. 3), the relative impact of a nucleation site j with a small θ j on J j in the exponential term in Eq. (10) will tend to be greater than the weighting factor S j . Thus, a single nucleation site can dominate the overall freezing probability P socint if θ j (and/or S j ) are sufficiently low.
Externally-mixed soccer ball scheme (soccer (ext))
Both the θPDF and the soccer (int) scheme are idealized representations of θ distributions associated with IN populations since they assume particles with identical surface properties. A more realistic description represents the combination of these two schemes as it is likely that statistical θ distributions extend over the total surface area of an aerosol population rather than being confined to a single particle. Thus, particles are externally mixed ("ext") soccer balls with respect to their θ distributions (Fig. 1d ). Such distributions have been referred to as active site distributions Welti et al., 2012) or probability dispersion functions (Barahona, 2012). The freezing probability of a population of N different particles that each have n nucleation sites can be described by a combination of Eqs. (9) and (10). Lüönd et al. (2010) have shown that the surface density of nucleation sites can be fit to an exponential expression with very few relatively low contact angles and a nearly uniform θ distribution towards higher values (bottom panel of Fig. 1d) . A surface-density dependent θ distribution over the surface of an IN population could explain higher IN efficiency for larger particles as they likely have a greater number of nucleation sites and a statistically higher probability of freezing, exceeding the increase in P that is predicted due to IN size based on CNT (Eq. 1) (Welti et al., 2009) . Niedermeier et al. (2011) have shown that the increase in n on a single particle can explain the transition from stochastic to apparently singular freezing behavior since statistically the abundance of efficient nucleation sites increases. These findings are in qualitative agreement with those by Fletcher (1958) who showed a strong size-dependence of freezing ability of particles smaller than ∼ 100 nm whereas this dependence is significantly reduced at larger sizes.
Deterministic scheme
Laboratory studies often report the number of frozen particles integrated over a T range as a function of the density of active sites (e.g., Vali, 2008; Connolly et al., 2009; Niedermeier et al., 2010; Alpert et al., 2011) . Such a cumulative activation spectrum has been described as (e.g., Vali, 1971 Vali, , 1994 
V volume of unfrozen particles N(T ) number of unfrozen particles Such functions imply that particle surfaces are characterized by specific sites that unambiguously freeze at a certain T . Lüönd et al. (2010) showed that the freezing behavior of kaolinite particles immersed in droplets can be described by
below a temperature threshold −A 2 [ • C], and F fr = 0 at higher temperatures. Since this relationship was derived for conditions where immersion freezing occurs (S w > 1) it might not be applicable to condensation freezing (S w < 1).
A dependence of the number of frozen particles on T has been observed in the atmosphere. Based on such observations, empirical expressions have been developed that deterministically predict N ice (Fletcher, 1969; Cotton et al., 1986; Meyers et al., 1992) . Such parameterizations often do not include any constraint on the total N ice , i.e., they are not limited by the number of potential IN that exist in an aerosol population as opposed to laboratory studies where this number is constrained by the sample size in the ice chamber. The need for such constraints on N IN has been discussed in detail in recent studies (e.g., Phillips et al., 2008; Eidhammer et al., 2009 ). Lüönd et al. (2010) performed experiments of immersion freezing of kaolinite particles in an ice chamber where particles had a residence time of ∼ 14 s at constant temperature and supersaturation. They presented F fr as a function of T for experiments in a range of 237.5 K < T < 241.0 K. In order to parameterize the observed freezing behavior, they fitted different nucleation schemes (Fig. 1a , b, c, e) to the experimental results and demonstrated that with the derived fit parameters all schemes predict F fr very similar to each other and to the experimental data.
Description of the box model
In order to anchor our simulations in the realism of laboratory experiments, we perform box model studies that closely mimic the simulations by Lüönd et al. (2010) using their different nucleation schemes. For the externally mixed schemes (θPDF and soccer(ext)), we assume 20 different particles for all model simulations. The distribution of randomly-selected nucleation sites on particle surfaces is assumed to include 80 (soccer(int)) or 50 (soccer(ext) different contact angles on each particle surface. These selections represent the distributions in the bottom panel of Fig. 1 reasonably well, and are summarized in Table 1 .
The box model describes in detail the activation of monodisperse aerosol particles to droplets using Köhler theory over a range of relative humidity with respect to water, 99 % < RH w < 100.2 %. After an initialization period (1 s), RH w is kept constant at supersaturated conditions (supersaturation with respect to water, S w = 0.2 %) in order to prevent droplets from evaporating and to allow formation of ice particles through immersion freezing. Simulations are performed at 12 temperatures, constant over the simulation time, in the same range as the laboratory experiments by Lüönd et al. (2010) . The temperature together with the constant S w determines S ice in each simulation.
Limitations of the experimental setups do not allow continuing laboratory experiments for times much beyond the initial nucleation events owing to the rapid decline of S ice by efficient water vapor deposition on the newly formed ice particles (Lüönd et al., 2010; Wheeler and Bertram, 2012) . However, the box model allows us to explore numerically the temporal evolution of predicted F fr beyond the initial freezing events using the various nucleation schemes described in Sect. 2.1.
Description of the adiabatic parcel model
In contrast to the box model simulations where temperature, S w , and S ice are constant, the cloud parcel model simulates the dynamical feedbacks on the supersaturation field as a result of the source due to the cooling rate (∝ constant updraft velocity w), and sinks by the water vapor condensation onto growing aerosol particles, droplets and deposition on ice particles:
where C, ϕ 1 , ϕ 2 are well-known functions of temperature, pressure and ambient supersaturation, and LWC and IWC represent the liquid (i.e., water on droplets and aerosol particles) and ice water contents [g kg −1 ], respectively. Timedependent differential equations describing the change in state variables and the growth of haze particles, droplets and ice particles are solved simultaneously. Other than at the initial conditions, haze particles are not assumed to be at their equilibrium sizes. Simulations are performed for constant w and consider a single ascent of an air parcel for 300 m. Thus, particles are always in a deliquesced state as they are exposed to conditions where 0.8 < S w <∼ 1 with the lower limit only achieved in situations where ice growth represents an efficient sink for water vapor (Bergeron-Findeisen process). Table 1 . Parameters to describe contact angle (θ ) distributions for the different nucleation schemes as used in the box and parcel models. Note for both the box and the parcel models the same θ selections were used.
Model
Number of nucleation sites/particle (n) Lüönd et al. (2010) . Small deviations of the listed parameters as compared to the original once were introduced in order to predict a frozen fraction of 50 % at 240 K. * * Unlike Lüönd et al. (2010), who fitted the surface density of nucleation sites [m −2 ], our parameters directly give the probability of a contact angle θ in the θ distribution on a particle surface for both soccer ball schemes.
The model using the 1θ scheme has been previously described in detail (Ervens et al., 2011) . In brief, particles are treated on a moving size grid with the initial size determined by the discrete aerosol particle mass at that grid point. Cloud droplets form on a population of cloud condensation nuclei (CCN), composed of ammonium sulfate and insoluble material, in 11 size classes with a lognormal size distribution (σ g = 1.4, r g = 0.04 µm; 0.02 µm < D CCN < 2 µm; N CCN = 100 cm −3 ). We assume that a small fraction of these CCN can act as IN (4 l −1 /100 cm −3 = 4 × 10 −5 or 1 l −1 /100 cm −3 for calculations at higher temperature).
Observed IN concentrations at these temperatures might be much higher (≤ 100 l −1 ) (DeMott et al., 2010), but comprise only a small fraction of observed dust concentrations (e.g., Penner et al., 2009; Hoose et al., 2010) . However, parcel model simulations have shown that IN concentrations of ∼ 10 l −1 < N IN < 500 l −1 lead to the immediate glaciation of clouds (Eidhammer et al., 2009; Ervens et al., 2011) , which contradicts observations of persistent mixed-phase clouds. The presence of higher IN concentrations in the atmosphere might be due to the separation of the two phases by precipitation of ice particles, which would limit the influence of the Bergeron-Findeisen process, or result from other selfregulating mechanisms (e.g., Harrington et al., 1999; Morrison et al., 2005 Morrison et al., , 2012 . Since the parcel model does not include these additional processes, the sensitivity of IN concentration to the onset of cloud glaciation might be overestimated. Therefore, in order to explore the impact of different nucleation schemes in the mixed-phase cloud system, we chose the maximum IN concentrations in a way that the model predicts the coexistence of liquid and ice phases. In a first set of parcel model simulations, it is assumed that only a fraction of a single CCN size class (D CCN = 800 nm) act as ice nuclei with a concentration of N IN = 4 l −1 ; freezing of droplets formed on other particle sizes and ice nucleation by contact or deposition freezing are not considered. Simulations of monodisperse IN allow us to compare the parcel model results (Sect. 4.1) to the laboratory-based box model studies (Sect. 3). In a second set of simulations, a polydisperse IN distribution is assumed, where a fraction of all CCN size classes can act as IN, yielding the same total IN number concentration (Sect. 4.2).
Building on our previous study where we explored systematically the effects of various parameters (N IN , N CCN , w, ice particle habits) on the ice/liquid partitioning in mixed-phase clouds (Ervens et al., 2011) , we restrict our analysis here to some selected conditions in order to highlight the sensitivities of N ice and IWC to the different nucleation schemes.
In the analysis of the model results, we discuss the differences in the predicted frozen fraction from the different nucleation schemes. Here, the fractions are always related to the (arbitrarily chosen), total number concentration of IN (N IN = 4 l −1 or N IN = 1 l −1 , respectively). We point out that this model framework was not set up to predict realistic ambient N ice concentrations, but rather to explore microphysical feedbacks in mixed-phase clouds, and to examine sensitivities to freezing onset in terms of different IN properties.
The nucleation schemes are the same as those used as in the box model, and the same random selection of contact angles is sampled from the PDFs of the soccer ball and θPDF schemes ( Fig. 1; Table 1 ). Since the freezing probability generated by any scheme leads to an unmanageable number of ice classes during the course of the simulation, a more computationally efficient method is to establish a new ice size class when a discrete percentage (2.5 % for the simulations in this study) of a particle class, characterized by D IN and θ, is predicted to freeze. The choice of the relatively broad probability bin width can on occasion generate stepwise results at small time scales but the overall results are unchanged (Sect. 4.1). The description of the growth of ice particle includes the temperature-dependent evolution of their primary habits (Chen and Lamb, 1994; ). The parcel model simulations are initialized at T = 241 K and RH w = 99 %, guided by the experimental conditions for which the nucleation schemes were derived. The simulations are chosen such that the parcel reaches the conditions as in the box model (Sect. 3.1) shortly after initialization. This provides the framework to explore the extent to which N ice evolution diverges over a wider range of temperatures during the evolution of drops and ice particles in a varying supersaturation field.
The freezing of IN that are immersed in a droplet or haze particle follows the description by Khvorostyanov and Curry (2004) and includes both immersion and condensation (deliquescence) freezing (Eqs. 1-7) since CNT treats the continuum of all supersaturation regimes. This approach allows stochastic ice nucleation under both subsaturated and supersaturated conditions with respect to water. The deterministic approach (Eq. 12) has been derived for conditions where kaolinite particles were immersed in water droplets. Thus, the only freezing mode occurring during the experiments was immersion freezing. Condensation freezing is dependent on the equilibrium supersaturation, and expressions such as Eq. (12) that were derived under non-equilbrium conditions at S w > 1 may not be extrapolated to subsaturated conditions. Therefore, in our model studies, we assume F fr = 0 in the deterministic scheme when S w < 1, i.e. below cloud base, and near cloud top if the water vapor supply is efficiently reduced by ice particle growth. 
Box model results
Agreement of nucleation schemes with laboratory studies
We reproduced the calculations by Lüönd et al. (2010) to fit their experimental data using one of their selected particle sizes (D IN = 800 nm), albeit with slightly different parameters to describe the θ distributions by the stochastic models. These parameters, together with the assumed number of different θ in the θPDF scheme and nucleation sites in the soccer ball schemes are summarized in Table 1 . A slight shift in freezing temperature and F fr can be easily achieved by different random selections of contact angles even if the overall θ distribution is described by the same fit parameters. We note that the exact match between our parameters and those by Lüönd et al. (2010) for the different nucleation schemes is not of critical importance for the following analysis, but our discussion will instead build on the fact that all schemes predict similar F fr over a temperature range of 237.5 K < T < 241.0 K, in agreement with the original experimental data (Fig. 2) . Each point marks a single simulation of 14 s duration.
The conditions under which all schemes predict identical F fr (50 % at T = 240 K and S ice = 38.1 %) are used as initial conditions for additional box model simulations to explore the temporal evolution of F fr (t ≤ 200 s). Even though after 14 s all five schemes show F fr = 50 % for D IN = 800 nm (solid lines in Fig. 3 ), the slopes of the individual lines are different, affecting the evolution of F fr at longer times. By definition, the deterministic scheme does not show any time dependence and appears as a horizontal line. The 1θ and the soccer (int) schemes show nearly identical F fr . This behavior can be explained if
i.e., if the overall nucleation rates in Eqs. (8) and (10) are approximately equal:
The distribution in the soccer (int) scheme exhibits a few small θ that are lower (θ socint,min = 75 • ) than the single value in the 1θ scheme (θ 1θ = 88.8 • ); the majority of the contact angles are larger than this single value. Large θ do not contribute significantly to P socint and, thus, the sum of (J j S j t) is mostly dominated by contributions by the smallest contact angles. It is obvious that for different θ distributions and/or selections, the single θ that represents best the freezing behavior of these distributions will be different.
Impact of IN diameter D IN on frozen fraction F fr
According to Eq. (1), J is directly proportional to the IN surface area (D 2  IN ) and a complex function of D IN in the calculation of r germ (Eq. 4). Thus, varying the IN size while all else is equal leads to different freezing probabilities. For simplicity, we assume here that the number of nucleation sites is the same on small and large particles. This approach implies that the size of the nucleation sites increases with IN size. While there is no physical basis for this assumption, and it might be more reasonable to scale the number of nucleation sites with particle surface, such a treatment would add more complexity to our conceptual model analysis since the IN ability of larger particles would increase not only due to size but also due to a statistically larger variety of nucleation sites.
For D IN = 1600 nm, the 1θ, and both soccer ball schemes predict F fr ∼ 100 % after a few seconds (dashed lines in Fig. 3a) . Such rapid, i.e. (nearly) time-independent freezing of all particles within a very short time has been interpreted as apparent singular freezing behavior (Niedermeier et al., 2011) . The very high F fr for large D IN results in very small absolute and relative differences between the schemes. For smaller D IN (400 nm), all five schemes lead to smaller F fr (dotted lines in Fig. 3a) . As a result, the relative spread in F fr for D IN = 400 nm amongst the five schemes is larger, and F fr differs by more than a factor of four after 200 s, from F fr ∼ 18 % (deterministic) to F fr ∼ 80 % (1θ and soccer (int) schemes).
Variation of temperature and S ice
A reduction in temperature leads to higher supersaturation (S ice ) if S w = const = 0.2 %, and J increases exponentially with decreasing temperature (Eq. 1). Model results for the narrow range of 238.8 K < T < 240 K and 39.7 % > S ice > 38.1 % (D IN = 800 nm) exhibit very similar trends (Fig. 3b) as compared to those achieved by varying D IN .
The results in Fig. 3 show that only for the specific conditions near the cross-over point in Fig. 2 , do the different freezing schemes predict identical F fr . Thus, we caution against extrapolating the general agreement of all five schemes at prescribed laboratory conditions to a wider range of conditions. These simple box model simulations for wellconstrained conditions, i.e. time-invariant temperature, S ice and S w , suggest a potentially significant sensitivity of F fr to nucleation scheme in a continuously cooling air parcel experiencing temporal evolution of temperature and supersaturation. The extent to which this is true is investigated in Sect. 4.
Parcel model results
Monodisperse IN
Variation of updraft velocity
The relative strength and time-dependence of cooling and condensation/deposition terms in Eq. (13) determine the vertical (or equivalently temporal) profile of S w and S ice . While condensation freezing can occur at subsaturated conditions (RH w < 100 %), immersion freezing requires the formation of droplets or sufficiently dilute particles prior to ice nucleation, i.e., S w has to remain sufficiently high throughout the cloud in order to prevent droplets from evaporating. Since the model includes both condensation and immersion freezing, ice nucleation can continue if droplets evaporate as the remaining haze particles can form ice by condensation freezing if S remains sufficiently high and the size of the ice germ exceeds the required threshold value (Khvorostyanov and Curry, 2000) . Figure 4a shows the vertical evolution of N ice as predicted by the five nucleation schemes for a cloud of 300 m depth in an air parcel rising with w = 50 cm s −1 . Similar to the box model results, the θPDF model leads to smaller N ice than the other stochastic models since only IN with sufficiently low θ form ice; the probability that such low θ are abundant on IN with multiple nucleation sites is much greater and thus F fr is nearly 100 % (related to the a priori set maximum IN concentration N IN = 4 l −1 ) for the soccer ball schemes. The fact that the 1θ scheme also shows F fr ∼ 100 % in the lower parts of the cloud demonstrates that the single θ is sufficiently low to allow efficient freezing of all IN (D IN = 800 nm). In fact, closer inspection of results shows that the source of these ice particles can be partially ascribed to condensation freezing below the critical supersaturation of CCN. All stochastic schemes predict very rapid nucleation of a large N IN fraction near cloud base where the low temperature and sufficiently high supply of water vapor allow nucleation of IN with relatively low θ. As already suggested by the box model studies, the range of N ice predicted by stochastic schemes is bounded by the θPDF scheme for the smallest values and the 1θ and the soccer (int) scheme that predict the fastest and most efficient ice formation. The soccer (ext) scheme, which is likely the most realistic representation of IN surface properties, shows N ice in between these two limits. We note that the two soccer ball schemes might tend to converge if a higher number of nucleation sites on each particle surface were assumed, since the probability that particles include one of the rare "good nucleation sites" (low θ) would increase. An "infinite" number of nucleation sites on all particles would lead to apparently singular freezing behavior (Niedermeier et al., 2011) . However, since laboratory experiments could only be explained by different distributions of surface properties on particles within a population Vali, 2008; Kulkarni et al., 2012) , an external mixture with distinctly different contact angle distributions would seem an appropriate choice to represent the variability of surface properties.
N ice predicted based on the deterministic scheme reflects the continuous cooling rate of the air parcel during its ascent through the cloud (S w > 1). The evolution of IWC for the same simulation (Fig. 4b) can be explained by the trends in N ice : ice particles that nucleate near cloud base have the longest growth times. The gradual increase in N ice predicted by the deterministic scheme leads to the smallest IWC since relatively few ice particles start growing near cloud base. The ice size distribution in the θPDF scheme comprises about 0.5 l −1 large particles that formed near cloud base; even though the final N ice is smaller in the θPDF scheme, these early-nucleated particles lead to a similar IWC as compared to the 1θ and the soccer (int) schemes; in the latter cases the ice nucleation events occurred more gradually between ∼ 20 m and 50 m resulting in similar growth time scales and ice particle sizes. Thus, the agreement in IWC amongst the stochastic schemes is related to a combination of N ice and the duration of growth.
The amount of liquid water greatly dominates the total condensate, and the condensation term presents the most significant sink for supersaturation (Eq. 13). The IWC (∼ 0.003 g kg −1 at h = 300 m) in all simulations represents less than ∼ 6 % of the total condensate, (IWC + LWC) ∼ 0.05 g kg −1 . Under such conditions, the LWC is not affected by the ice phase and the water vapor supply allows both droplets and ice particles to grow independently of one other (Ervens et al., 2011) .
At smaller updraft velocities (w = 10 cm s −1 ), the cooling term is smaller causing a lower maximum supersaturation near cloud base (S w,max = 0.8 %; S ice,max = 38 % at h = 25 m; as opposed to S w,max = 2.3 %, S ice,max = 40.3 % at h = 60 m for w = 50 cm s −1 ). With a weaker S source term, the condensation sink to droplets plays a commensurately larger role in regulating S w and S ice (Eq. 13). In general, the trend in the divergence of N ice between the different schemes is similar to the box model results (Fig. 3) that show a greater divergence and time-dependence for the stochastic schemes at low S ice (∝ low w). All IWCs are greater for low w and, in contrast to N ice , more similar to each other than for high w at a given height ( Fig. 4b and d) because the lower w implies longer growth times for particles, considering an equivalent cloud depth. The similar trends of N ice and IWC between the schemes at any given w suggest that ice growth 1 Figure 4 . Parcel model results using the five schemes as described in Figure 1 and Table 1 . The stepwise behavior in the increase of N ice for the stochastic schemes is due to the probability 9 steps we assume in order to avoid a high number of ice particle classes in the simulations 10 (Section 2.3). . The inset shows a zoom of the grey box. The stepwise behavior in the increase of N ice for the stochastic schemes is due to the probability steps we assume in order to avoid a high number of ice particle classes in the simulations (Sect. 2.3).
rates might be comparable and thus average particle sizes are similar. The differences in vertical temperature profiles are small because w dominates the cooling rate and differences in latent heating associated with condensation/deposition are small. Thus the evolution of N ice in Fig. 4a and c are almost identical for the deterministic scheme, which does not take into account any feedbacks of supersaturation on N ice (Eq. 12). Since at lower updraft velocity S w > 1 is reached at slightly higher altitudes in the cloud, the first immersion freezing events occur somewhat later. However, since above this threshold the frozen fraction is dependent on temperature and only weakly on droplet radius, both simulations predict the same N ice evolution. Unlike in the box model studies, the deterministic scheme in the parcel model predicts similar N ice to the stochastic schemes (at cloud top) under the conditions in the current simulations.
Note that we have presented all model results at the same cloud thickness; however, ambient observations show that thinner clouds are usually observed in low-updraft regimes. If one considers similar growth times, IWC is significantly smaller at the low w (e.g., compare IWC at 300 m for w = 50 cm s −1 to IWC at 60 m for w = 10 cm s −1 ) because of the lower N ice .
Atmos
Initiation of the Bergeron-Findeisen process
It has been discussed previously that low updrafts provide conditions in mixed-phase clouds that weaken the stability of the liquid phase as S w is not sufficiently high to maintain continuous droplet growth (Korolev and Isaac, 2003; Ervens et al., 2011) . Ice particles will grow at the expense of the droplets (Bergeron-Findeisen process) resulting in fully glaciated clouds. The 1θ and the soccer ball schemes predict N ice ∼ 3 l −1 above h ∼ 150 m at very low updraft velocity (w = 2 cm s −1 ) (Fig. 4e) . In contrast to conditions of higher S (higher w), at low w far fewer CCN are activated into droplets, resulting in a smaller condensation term and thus a relatively larger impact of vapor deposition on S. The θPDF scheme initiates ice nucleation near cloud base (N ice ∼ 0.6 l −1 ); these ice particles limit the maximum supersaturation and thus further nucleation events. S ice and S w reach lower maximum values and peak higher in the cloud as compared to the other schemes (Fig. 5a with zoom of the region near cloud base in Fig. 5b ). Ice nucleation requires the formation of an ice germ above a threshold size; this critical germ size increases with decreasing S (increasing T ) which causes less efficient nucleation Curry, 2000, 2004; Curry and Khvorostyanov, 2012) . Since condensation freezing is strongly dependent on S w,eq , the efficient consumption of water vapor by the growing ice particles prevents additional freezing events by increasing r germ and thus N ice remains constant despite relatively low T as soon as S decreases (vertical lines in Fig. 4e above 100 m) . Since the droplets are evaporating and converted into deliquesced particles, Eq. (12) is no longer applicable and N ice predicted by the deterministic scheme also ceases to increase. The decrease in S ice ( Fig. 5c and d) is not as significant as that for S w and the cloud always remains supersaturated with respect to ice. The evaporating droplets decrease the LWC and provide an additional source of water vapor for the further growth of ice particles, which explains the continuous increase in IWC (Fig. 4f) .
N ice and S w from the deterministic and θPDF schemes are similar to each other near cloud base; their early onset of freezing results in particles that have a distinct impact on S.
Since the deterministic scheme does not take into account any feedbacks of S on ice nucleation, N ice and IWC continue to increase, with commensurate influence on LWC loss (Fig. 4f, inset) . In contrast, N ice asymptotes at about 100 m in the θPDF scheme. For the other stochastic schemes, nucleation is delayed relative to the θPDF scheme. This leads to shorter growth time and smaller ice particles, which allows supersaturation to reach larger values higher in the cloud, and the liquid phase to persist longer (inset, Fig. 4f ).
The initiation of the Bergeron-Findeisen process is closely linked to the stability and lifetime of mixed-phase clouds. Even though the parcel model is limited in its ability to simulate cloud stability and lifetime effects in detail due to its simplistic treatment of dynamic processes, it can be concluded that under conditions where the ice and liquid phases significantly impact supersaturation (and vice versa), detailed knowledge of the duration of ice nucleation events over a given temperature range is required to correctly predict mixed-phase cloud properties.
The different updraft regimes explored here represent three different scenarios in terms of impacts on cloud evolution. (i) The strong cooling rate at w = 50 cm s −1 generates a supersaturation in excess of a threshold supersaturation that is required to nucleate ice on nearly all IN at very short time scales. Thus, under such conditions detailed knowledge of θ distributions is likely less critical. (ii) The supersaturation profile at w = 10 cm s −1 covers the range of the onset supersaturations for the θ ranges throughout the IN population. Thus, subtle differences in θ (distributions) on IN translate into different N ice . Under those conditions, different nucleation schemes will lead to different ice nucleation spectra (N ice = f (S, T )) (Barahona, 2012) . (iii) While in the latter two regimes there is very little impact of IWC on S, at very low updraft (w = 2 cm s −1 ), the differences in N ice associated with the different temperature ranges over which nucleation occurs can impact cloud phase distribution due to significant feedback of IWC on S.
Considerations on the temperature range of nucleation events
Temperature dependence of ice habit formation
The nucleation schemes predict different temperature ranges over which nucleation events occur. While many nucleation events are predicted almost synchronously by the stochastic models over a narrow temperature range (w = 50 cm s −1 , h < 50 m, 240.5 K < T < 241.0 K; and w = 2 cm s −1 , h < 150 m, 239.5 K < T < 241.0 K), the deterministic scheme predicts nucleation throughout the depth of the cloud for all w (237.7 K < T < 241.0 K). The rapid increase in N ice from IN populations with a single θ over such narrow temperature ranges has been compared to temperaturedependent trends of ice particles in the atmosphere and it has been concluded that only wider distributions of temperatures of the onset of freezing can explain these observations (Eidhammer et al., 2009; Welti et al., 2012) . In general, the temperature at which ice nucleation occurs determines the initial ice particle shape which is described by the inherent growth ratio of the ice particle and is equal to the ratio of the water vapor condensation 1 Figure 6 . Inherent growth ratio Γ as a function of temperature (adapted from Chen and La 2 (1994)). The notation 'columns, spheres, plates' refers to the shape the particle would attain i 3 were nucleated and grown primarily within that temperature range. Chen and Lamb, 1994) . The notation "columns, spheres, plates" refers to the shape the particle would attain if it were nucleated and grown primarily within that temperature range. The grey horizontal lines show temperature regimes for simulations where (i) IN composed of kaolinite nucleate ice and (ii) other IN are expected to nucleate ice (T1, T2). The blue and green shading within T1 and T2 marks the range where nucleation occurs if the 1θ or the deterministic schemes, is applied, respectively. coefficients along the basal (c) and prism (a) axes (Hallett and Mason, 1958; Chen and Lamb, 1994; Lamb and Verlinde, 2011) . At the temperature range relevant for immersion/condensation freezing of kaolinite (T ∼ 243 K), is near unity, i.e. ice particles are approximately spherical (Fig. 6) . At higher temperatures, might differ significantly from unity and strongly impact the evolution of the aspect ratio (ϕ = c/a) of an ice particle that develops from the initial geometry, prescribed by , towards a geometry as predicted at a given temperature. Such more extreme habits result in highly nonlinear growth rates of ice particles in different temperature regimes since non-spherical particles grow faster than spheres of the same mass (Mason, 1953; Takahashi et al., 1991) . Atmospheric observations reveal that ice is sometimes formed at habit-prone temperatures and model studies have shown the need of the detailed description of ice growth rates as they significantly affect the phase partitioning in mixed-phase clouds (Avramov and Harrington, 2010; . Ice nucleation at such temperatures implies the presence of more efficient IN than kaolinite, such as biological particles (Schnell and Vali, 1976; Christner et al., 2008) or other types of dust (Roberts and Hallett, 1968; DeMott et al., 2003; Möhler et al., 2006) . (Table 1) .
Atmos
Model studies at higher temperatures (T1 and T2)
The temperature range of freezing of kaolinite particles as determined by Lüönd et al. (2010) is near the threshold of homogenous freezing. Many laboratory studies and observations have shown that heterogeneous freezing occurs at higher temperatures (e.g., DeMott et al., 2003; McFarquhar et al., 2007; Chen et al., 2008; Niemand et al., 2012; Pinti et al., 2012) . However, for IN freezing at these higher temperatures a consistent set of parameters for all five schemes as derived for kaolinite is not available. Notwithstanding the lack of such data sets from laboratory experiments for IN that nucleate ice at ∼ 253 K < T <∼ 263 K, in the following, we explore effects of nonlinear growth rates on N ice and IWC of ice particles nucleated at these temperatures. These simulations demonstrate effects in a more conceptual way and add other potential aspects that could lead to convergence or divergence in predicted cloud properties due to different temperature ranges of ice nucleation. We have chosen two temperature ranges (T1 and T2) that are again covered by an air parcel rising for 300 m in such a way that with decreasing T , approaches unity in the former, and shows the opposite trend in the latter (Fig. 6) . We limit this analysis to the 1θ and deterministic schemes and adjust the two parameter sets (θ, A 1 , A 2 , Table 1 ) for the temperature regimes T1 and T2, respectively, in order to predict first nucleation events at the same height in the cloud and temporal evolution of N ice as for the results discussed for kaolinite (Fig. 4) . Model conditions are chosen such that the Bergeron-Findeisen process does not occur (N IN = 1 l −1 , w = 10 cm s −1 ) in order to exclude nonlinear increases in IWC due to rapid changes in phase partitioning. Similar to the findings in Fig. 4 , in T1 most nucleation events predicted by the 1θ scheme occur near cloud base whereas continuous ice nucleation is predicted over the depth of the cloud for the deterministic scheme (Fig. 7a) . The resulting IWCs differ by a factor of ∼ 4 (h = 300 m) between the two schemes (Fig. 7b) . The evolution of N ice in the temperature regime T2 is very similar to that in T1 (Fig. 7c) , as pre-determined by the parameter sets θ and A 2 for the respective temperature range (Table 1) . However, the resulting IWC from the two schemes are much more similar in T2 and only differ by a factor of two (Fig. 7d) . The reason lies in the behavior of in the two different temperature regimes and the different temperature ranges over which freezing occurs. For the higher temperature T2, the 1θ scheme predicts freezing occurring over a very narrow temperature range with an initial inherent growth ratio ∼ 0.7 (blue shading in Fig. 6 ). For the deterministic model freezing occurs over a much larger temperature range (green shading) with becoming progressively smaller than 0.7. Such particles with smaller initial are less spherical and grow faster than the high number of particles that are predicted by the 1θ scheme to freeze near cloud base (T ∼ 263 K; ∼ 0.7), resulting in small IWC differences. In T1, ice particles predicted by the 1θ scheme near cloud base benefit from smaller (∼ 0.3) and, thus, have higher growth rates throughout the cloud since they are more plate-like due to their initial geometry than particles that nucleate at lower temperature. For the deterministic model, progressively colder temperatures result in an increase in leading to more spherical particles with smaller growth rates. Thus, the many non-spherical particles predicted by the 1θ scheme not only have longer growth times but also higher growth rates, which results in a larger differential in IWC between the two nucleation schemes.
The tendency for IWC to often scale with N ice (Figs. 4 and 7) suggests that ice particle sizes are relatively uniform amongst the different schemes. Indeed, additional analysis of the results in Fig. 4 shows that ice particle sizes for all five schemes cover a similar size range of ∼ 10 µm < D ice < 250 µm (at 200 m, not shown). This relatively broad range is due to the large spread in onset temperatures of freezing for the monodisperse IN which implies different growth time scales for ice particles nucleated at different times and thus reflects the stochastic and temperature-dependent nature of the freezing process. A more thorough analysis of the size distributions from these simulations is not particularly meaningful since ambient IN distributions are unlikely to be monodisperse. Nevertheless, the assumption of monodisperse IN has allowed us to separate effects of different nucleation schemes on N ice without having to deal with potential effects due to different IN sizes.
Parcel model studies: polydisperse IN
Ice/liquid distribution
Since the box model results in Sect. 3 suggested a great sensitivity of F fr to IN size if D IN is varied by a factor of two, we performed additional simulations (w = 10 cm s −1 ) where we assume that a fraction of each of the 11 CCN size classes (0.02 µm < D CCN < 2 µm) can form ice; the total IN number is the same as in the simulations discussed in Sect. 4.1 (N IN = 4 l −1 at T ∼ 243 K (kaolinite); N IN = 1 l −1 at T1 and T2). Even though typical atmospheric IN (e.g., dust, biological particles) might not exhibit sizes as low as 0.02 µm, these simulations allow us to explore the role of IN sizes in a conceptual framework. These exercises tie in with our earlier work where we showed that the temporal (vertical) change of LWC as a function of the ratio of the integral ice capacitance to the integral droplet radius can be considered a measure of the stability of a mixed-phase cloud (Ervens et al., 2011) .
N ice shows a much greater discrepancy between the five schemes than the results for monodisperse IN (cf. Figs. 4b and 8a) . Since most IN are smaller than 800 nm, all schemes show much lower N ice . While in the simulations of monodisperse IN, the 1θ and the soccer (int) schemes showed nearly identical N ice for all updraft velocities, the difference in N ice resulting from different IN size classes is significant for these two schemes. As explained above, for a given size the predicted freezing probabilities might be equal if Eqs. (14) and (15) hold true. However, since J is a complex function of D IN (Eqs. 1-6), P 1θ and P socint do not scale proportionally with D IN so that one no longer expects agreement. The strong size dependence of F fr in the deterministic approach (Eq. 12) results in very small N ice for the selected initial size distribution. The trend in N ice is reflected in IWC with the exception of the θPDF scheme higher in the cloud owing to high N ice near cloud base.
The evolution of LWC shows that under these model initial conditions the choice of the nucleation scheme might have bearing on the stability of the cloud (Fig. 8b) . The soccer (int) scheme predicts the largest frozen fraction and IWC and thus LWC is clearly affected, as evidenced by a deceleration of growth with increasing height. This sensitivity to the different nucleation schemes is more clearly depicted by the ratio IWC/LWC (Fig. 8c) : in situations where IWC ∼ 0.5 LWC there is noticeable evidence of cloud droplets evaporating due to the Bergeron-Findeisen process.
The adiabatic conditions in the parcel model determine the total amount of condensate (IWC + LWC) which is smaller at lower temperatures. This is clearly seen in the significantly smaller IWC + LWC for the colder regime compared to the warmer regimes (T1 and T2) (cf. Fig. 8d and e and Fig. 7) . Ratios of IWC/LWC are notably smaller than at the colder temperature (cf. Fig. 8c and f) and, thus, clouds are expected to be more stable. The similar evolution of N ice at T1 and T2 is due to the parameter choices for these simulations. (Recall that θ 1θ and A 2 , Table 1 , were adjusted in order to produce similar vertical N ice profiles as compared to the corresponding schemes at T ∼ 243 K.) Thus, also at these higher temperatures, the differences in N ice between the nucleation schemes are much greater for a polydisperse IN distribution as compared to results from monodisperse IN due to the different dependencies of F fr on D IN .
Size distribution of ice particles
Ice size distributions from the above simulations for polydisperse IN at h = 200 m are shown in Fig. 9a (lower temperatures) and 9b (higher temperatures, T1 and T2). The equivalent diameter of a (non-spherical) ice particle is used to represent the diameter of a sphere with the same mass. Since the number of ice size classes in the model is huge (several thousand classes for the externally-mixed θPDF and soccer (ext) schemes) but each ice class only contains a very small number of particles, size distributions in Fig. 9 are created by sorting all ice particles into ten equally-spaced size bins. The size range of nearly spherical ice particles that grew at low temperatures is very similar for all nucleation schemes (Fig. 9a) , which is consistent with the trend of N ice and IWC to scale (Fig. 8a) . The higher IWC in the soccer (int) scheme (Fig. 8b) is consistent with the high number of ice particles that nucleated near cloud base. Even though these particles slightly reduce the supersaturation, the growth rates of ice particles are not significantly affected as compared to those predicted in the other schemes, resulting in similar particle sizes. In general, the change in S (Eq. 13) is mostly controlled by the numerous small droplets (LWC) and to a smaller extent by the much fewer ice particles if both phases grow independently of one other. Only under conditions of the BergeronFindeisen process (e.g., near cloud top in the soccer (int) scheme), does efficient deposition of water vapor on ice particles represent a major sink for supersaturation. Under those conditions, the ice particles benefit from the evaporation of droplets as an additional source of water vapor. The consistency in size range between the 1θ and deterministic scheme is also evident in the simulations at T1 and T2 (Fig. 9b) . At the same temperature, the size range is similar for the two nucleation schemes. On the other hand, the size range differs between the T1 and T2 regimes because in T1 particles grow more efficiently owing to their more extreme habits in T1 (Sect. 4.1.3).
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The capacitance C of a spherical particle equals particle radius; for non-spherical particles capacitance is determined by the curvature of the particle (e.g., McDonald, 1963) . The integral capacitance is the number-weighted capacitance in each size class i, i (N ice,i · C i ). Many different combinations of individual (N ice,i · C i ) can yield the same integrated value and thus affect the evolution of IWC and its impact on LWC to similar extents (Ervens et al., 2011) . Figure 9c and d display N ice as a function of the mean capacitance C mean (average value over all C i [µm] within the ice particle population). The contours show lines of equal integral capacitance [µm l −1 ]. The distributions of (nearly) spherical particles show a very similar C mean for all schemes over the depth of the cloud (color-coding indicates height) (Fig. 9c) . Both the size distributions and the mean capacitances show that the particle sizes do not differ much between the different schemes for the conditions when both phases grow independently of one other. This consistency is similar to that found in our previous study where we showed that different N ice result in similar equivalent diameters for the same growth time scales for wide ranges of the N IN , w, and T parameter spaces (Ervens et al., 2011) . It was concluded that the vapor supply is sufficient to allow particle growth without competition for water vapor. The integral capacitance differs by a factor of seven between the soccer (int) [3, in Fig. 9c ] and the deterministic [5, in 700 µm l −1 ; C mean,determ ∼ 100 µm l −1 ). At the higher temperatures (T1 and T2) the vertical evolution of the mean capacitance is not as consistent as for the more uniform spherical particles at the lower temperatures since the different initial particle shapes and resulting growth rates lead to different capacitances throughout the ice population. However, the differences in C mean between the two different nucleation schemes (C mean,1θ /C mean,determ ∼ 160/20) are very similar to those at T ∼ 243 K. This analysis suggests that the choice of the nucleation scheme does not affect resulting particle growth rates and sizes to a significant extent but that the differences in resulting integral capacitance are mostly ascribed to differences in N ice that form at different temperatures. Thus, the choice of the nucleation scheme has the most significant impact on N ice by determining the timing of nucleation events, subsequent duration of ice growth, and the temperature range over which ice growth occurs. For a given temperature regime, the nucleation scheme has little influence on growth rates of ice particles as long as the cloud is supersaturated with respect to ice.
Conclusions
Model simulations have been performed to explore the sensitivity of properties of mixed-phase clouds to different nucleation schemes for immersion and condensation freezing of particles that are assumed to exhibit similar surface properties as derived for kaolinite particle in laboratory experiments. The five nucleation schemes cover time-dependent (stochastic) freezing of particle populations of (i) identical surface properties with a single contact angle (1θ ), (ii) an external mixture of surface properties (θPDF); a distribution of contact angles of particle surfaces of (iii) internally mixed (soccer (int)) and (iv) externally mixed particles (soccer (ext)) and (v) a time-independent, singular freezing behavior (deterministic scheme).
A box model was applied in order to mimic laboratory experiments for monodisperse (800 nm) IN that were previously used to derive parameters for the different nucleation schemes (Lüönd et al., 2010) . This provides realism to the parameter choices for the subsequent modeling exercises. Sensitivity studies show that the frozen IN fractions from the different schemes that are very similar over short time scales diverge significantly for extended time scales, as well as for different conditions such as IN diameter, supersaturation and temperature.
The schemes were implemented into a parcel model that takes into account detailed microphysical feedbacks of droplet and ice particle growth on supersaturation. During the early stages of cloud evolution, frozen particles are formed by condensation freezing at (water) subsaturated conditions predicted by the stochastic schemes whereas the deterministic scheme is only applicable to supersaturated conditions with respect to water. When the supersaturation in the cloud is sufficiently high to result in droplet activation or sufficiently dilute particles, freezing occurs through the immersion mode. At high updraft velocities, the strong cooling rates allow nearly all the equally-sized (800 nm) IN to nucleate ice, with only weak dependence on their θ distributions. At lower updraft velocities (lower supersaturations), the choice of the nucleation scheme leads to the greatest differences in predicted N ice . The deterministic approach only depends on temperature and is time-independent; thus N ice is not regulated by the cooling rate and feedbacks of N ice and LWC on supersaturation, leading to the highest N ice in supersaturation-limited scenarios. The sensitive relationship between ice and supersaturation tends to initiate the Bergeron-Findeisen process (all else equal) in low updraft regimes. Depending on the choice of the nucleation scheme, the demise of the liquid phase will be initiated at different times/heights in a cloud since nucleation events occur over different temperature ranges.
At higher temperatures, differences in the temperature range of nucleation events not only translate into different temporal N ice profiles but also into different initial particle shapes (inherent growth ratios). Exploratory simulations show that such differences in initial particle geometry as predicted by the 1θ or deterministic scheme, respectively, can translate into different growth rates that can lead to either amplification or reduction in predicted differences in IWC.
Finally, parcel model simulations that consider a polydisperse IN population show that the different parameterizations of θ distributions and time-dependencies are highly sensitive to IN size and lead to great differences in predicted ice number concentrations between the different schemes. The analysis of parameters that characterize the ice size distributions, i.e. the mean and integral capacitances, show that the differences in the latter are mostly determined by differences in ice number concentration and less by the spread in ice particle sizes. The IWC tends to scale with N ice , since ice particle sizes are very similar from one scheme to the other. As long as the water phase exists, condensation is the primary loss term for supersaturation. Under these conditions, and at the low ambient N ice , ice particles grow by diffusion without competition from other particles.
The absence of a dynamical framework, collection, and sedimentation in the current study makes it difficult to assess just how much impact these schemes would have on ice number concentration and total ice mass and makes a comparison of predicted ice number concentration to observations difficult. Some insight can be obtained from Kulkarni et al. (2012) , who used a two-dimensional, cloud-resolving model to show that differences in N ice as predicted from the 1θ and the θPDF scheme result in significant differences in IWC, depending on the choice of parameters. It is therefore likely that the additional schemes tested here will have significant influence.
In summary, the large differences in the evolution of the frozen fraction and related parameters from the five nucleation schemes reveal that the consistency in predicted frozen IN fraction suggested by recent laboratory experiments is restricted to a very narrow range of conditions. The extrapolation of these schemes to a wide range of atmosphericallyrelevant conditions can lead to great discrepancies in predicted cloud-relevant parameters if the cloud covers conditions where ice nucleation is sensitive to surface properties (contact angle distributions). Our sensitivity studies show the urgent need for better constraints of the physicochemical properties that determine the freezing behavior of IN. Laboratory experiments should be designed to refine the appropriateness of different nucleation schemes for various aerosol types and conditions.
